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CCD IMAGER CONSTRUCTED WITH CMOS FABRICATION 
TECHNIQUES AND BACK ILLUMINATED IMAGER WITH IMPROVED 
LIGHT CAPTURE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims the benefit of U.S. Provisional Applications 

60/228,972 filed August 30 2000, 60/267,002; filed February 7, 2001 and 
60/266,935 filed February 7, 2001, the entirety of which are incorporated herein by 
reference. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates to semiconductor circuit design for optical 
sensors and CCD sensor arrays. More specifically, the invention relates to a CCD 
device constructed with standard CMOS fabrication techniques and to a back 
illuminated imager that captures substantially all photoelectrons. 

[0003] Various types of imagers (also sometimes referred to as image 

sensors) are in use today, including charge-coupled device (CCD) imagers and 
complementary metal-oxide semiconductor (CMOS) imagers. These devices are 
typically incorporated into CCD and CMOS imaging systems, respectively. Such 
imaging systems comprise an array of pixels, each of which contains a light- 
sensitive sensor element such as a CCD photogate or virtual photogate detector or, 
in CMOS imagers, a semiconductor substrate photodiode. Such light-sensitive 
sensor elements will be referred to herein, generally, as photodetectors. 

[0004] The CCD photodetectors may be N-channel photogates that collect 

photoelectrons (i.e. electrons moved to a higher quantum state by interaction with 
photons) or P-channel photogates that collect photoholes (i.e. the positive charges 
left behind by the photoelectrons). As used herein, the term photocarriers refers 
generically to photoelectrons collected by an N-channel device or photoholes 
collected by a P-channel device. 

[0005] CMOS imagers typically utilize an array of photodiodes as active 

pixel sensors and a row (register) of correlated double-sampling (CDS) circuits to 
sample and hold the output signal of a given row of pixel imagers of the array 
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while removing the kTC noise component. Each active pixel typically contains a 
pixel amplifying device (usually a source follower transistor). The term active 
pixel sensor (APS) refers to electronic image sensors employing active devices, 
such as transistors, that are located within each pixel. CMOS imagers are often 
interchangeably referred to as CMOS APS imagers or as CMOS active pixel 
imagers. The active pixel sensors and accompanying circuitry for each pixel of the 
array will be referred to herein as APS circuits or APS pixel circuits. 

[0006] In both CMOS and CCD imager systems, each photodetector 

accumulates charge and hence potential during the optical integration period in 
accordance with the light intensity reaching the relevant sensing area of the 
photodetector. As charge accumulates, the photodetector begins to "fill" or 
approach a saturation state. The charge stored in a photodetector is sometimes said 
to be stored in the "charge well" of CCD-type photodetectors located underneath 
an electrode overlying the semiconductor substrate. If the photodetector becomes 
full of charge or saturated prior to read-out, then excess charge is shunted off to a 
"blooming drain, " in part to prevent blooming. Blooming is a phenomenon in 
which excess charge beyond pixel saturation spills over into adjacent pixels, 
causing blurring and related image artifacts. 

[0007] CMOS imagers have several advantages over CCD imagers such as 
reduced power consumption and miniaturization. CCD imagers typically use three 
different input voltages with separate, relatively high voltage power supplies to 
drive them. In addition, CCD arrays typically employ multiple overlapping gate 
electrodes in each pixel cell and the gates receive two or three respectively 
different clock phases. These gates are not feasible to form with standard CMOS 
processes. As can be appreciated, traditionally, it has not been easy to integrate 
CCD imagers with CMOS process peripheral circuitry due to complex fabrication 
requirements and relatively high cost of the specialized fabrication plant needed to 
produce such devices. By contrast, because CMOS imagers are formed with the 
same CMOS process technology as the peripheral circuitry used to operate the 
CMOS imager, such sensors are easier to integrate into a single system-on-chip 
using integrated circuit (IC) fabrication processes. By using CMOS imagers, it is 
possible to have monolithic integration of control logic and timing, image 
processing, and signal-processing circuitry such as analog-to-digital (A/D) 
conversion, all within a single sensor chip. Thus, CMOS cameras can be 
manufactured at low cost, relative to CCD cameras, because the imager, the 
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peripheral circuitry and the signal processing circuitry all can be made using a 
standard CMOS IC fabrication processes. 

[0008] In addition, CMOS devices use only a single power supply, which 

may also be used to drive peripheral circuitry. This gives CMOS imagers an 
advantage in terms of external circuitry complexity, and also in terms of the 
amount of chip area or "real-estate" devoted to power supplies. In this way, 
CMOS imagers have relatively low power requirements because of the relatively 
low voltage power supply required for operation, and also because only one row of 
pixels in the APS array needs to be active during readout. 

[0009] Despite these advantages, however, CMOS imagers also have various 

disadvantages in comparison to CCD imagers. For example, CMOS optical sensor 
circuits are subject to reset noise, often referred to as "kTC noise." reset noise is 
due to the on-resistance of the MOS transistor and is injected each time the 
transistor is reset. CMOS image sensors have two sources of reset noise: in the 
pixel and in the column processing circuitry. Reset noise is described in an article, 
entitled "Two-Phase Charge-Coupled Devices with Overlapping Polysilicon and 
Aluminum Gates" by W. F. Kosonocky and J. E. Carnes, in RCA Review , Vol. 
34, March 1973, pp. 164 - 203. Reset noise is considered to be a type of thermal 
noise. The kTC noise magnitude is related to k, the Boltzmann constant, T, the 
temperature in Kelvin, and C, the capacitance in the current path. Technically, the 
magnitude of the noise is proportional to the square root of the product of the 
Boltzmann constant, the temperature in Kelvin, and the capacitance in the pixel's 
current path. The local temperature variations in each pixel give rise to this 
random noise. Immediately after the reset operation, the pixel may have a non- 
zero signal value, equal to the kTC noise. Many CMOS imagers employ 
correlated double sampling (CDS) circuits to cancel this noise from the imager 
output. CDS circuits operate by sampling the noise value immediately after reset 
and subtracting the noise from the pixel value at the end of the integration period. 
CCD imagers may be reset without significant noise by simply transferring any 
charge in the imager cell to a charge dump using the normal CCD charge transfer 
techniques. Because it may occur on a pixel-by-pixel basis, some imager arrays 
need a frame store memory to effectively reduce reset noise. 

[0010] It would be desirable to provide an image sensor which addresses 
known disadvantages of CMOS imagers, by employing CCD imaging technology 
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in a single semiconductor device manufactured using a standard CMOS fabrication 
process. 

SUMMARY OF THE INVENTION 

[0011] The present invention is embodied in a charge coupled device made 

according to standard CMOS process. The charge coupled device includes at least 
two charge well areas, a dielectric layer overlaying the at least two charge well 
areas, and at least two gate electrodes overlaying the dielectric layer. The at least 
two gate electrodes correspond in position to the at least two charge wells. The at 
least two gate electrodes are separated by a stabilized inter-electrode gap. 

[0012] According to one aspect of the invention, the inter-electrode gaps are 

stabilized by forming a second oxide layer over the conductive gate electrodes and 
then forming conductive elements over the gaps between the gate electrodes. These 
conductive elements may be metal electrodes in a single polysilicon CMOS process 
or polysilicon electrodes in a double polysilicon CMOS. 

[0013] In another aspect, the invention is an electronic camera formed on a 

monolithic integrated circuit that includes a CCD imaging array and a CMOS 
analog-to-digital converter capable of producing a digital output signal 
corresponding to the image captured by the CCD array. 

[0014] In yet another aspect, the invention is embodied in a back-illuminated 
imager in which the pixel circuitry is shielded from photocarriers by PN junctions 
that direct any captured photocarriers into the closest photodetector. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] Fig. 1 is high level block diagram of an imager in accordance with an 

exemplary embodiment of the present invention; 

[0016] Fig. 1A is a block diagram of an electronic camera that may be made 

using the imager shown in Fig. 1 . 

[0017] Fig. 2A is a top plan view of a physical layout of a portion of the 

CCD array according to the present invention illustrating multiple phase transfer 
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capacitors fonned on a CMOS substrate; 

[0018] Fig. 2B is a cross-sectional view along lines 2 - 2 of the CCD array 

shown in Fig. 2A; 

[0019] Fig. 3 A is a top plan view of a physical layout of a portion of a 

virtual gate CCD array according to the present invention. 

[0020] Fig 3B is a cross-sectional view along lines 3 - 3 of the CCD array 

shown in Fig. 3 A. 

[0021] Figs. 4A, 4B, 4C and 4D are side cross-sectional view of a physical 

layout structure of an exemplary pixel element of the pixel array of Fig. 1 in 
accordance with exemplary embodiments of the invention; 

[0022] Fig. 5 is a signal graph, showing exemplary signals that may be 

applied to the pixel of Fig. 4, for reading a charge from the pixel; 

[0023] Fig. 6 is a timing diagram, showing the temporal relation of the 

signals of Fig. 5; 

[0024] Fig. 7 is a cross-sectional view of a physical layout structure such as 

that shown in Figs. 2A and 2B, after metalization in accordance with an exemplary 
embodiment of the invention; and 

[0025] Fig. 8 is a cross-sectional view of a physical layout structure such as 

that shown in Figs. 2 A and 2B, in accordance with an exemplary embodiment of 
the invention. 

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS 

[0026] The invention is described in terms of exemplary embodiments which 
are illustrated in the drawing figures. The drawing figures are not to scale. 
Indeed, dimensions of the drawing figures are exaggerated to aid in the description 
of the invention. 

[0027] Certain terminology used in the following description is for 
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convenience only and is not limiting. The term "standard CMOS IC fabrication 
processes", is used to describe processes which are compatible with standard 
CMOS IC fabrication processes, that is to say, processes using fabrication steps 
that are commonly used in CMOS IC fabrication facilities including optional 
process steps such as threshold adjusting diffusions. In such processes, devices 
which are easily fabricated with CMOS IC fabrication processes can be formed on 
a substrate or semiconductor "wafer" along with the desired imaging devices in 
accordance with the present invention. In the drawings, the same reference 
numerals are used for designating the same elements throughout the several 
figures. 

[0028] The present invention relates to a CMOS image sensor employing a 

CCD pixel design/process. The resultant CMOS CCD image sensor is applicable 
to high-performance visible light imaging, electron-bombardable target (image 
intensified) imaging, and fiber optic coupled image intensified imaging. The 
present invention also concerns a camera system employing such an image sensor 
and to a back-illuminated image sensor in which pixel circuitry is shielded by a PN 
junction. 

[0029] System-on-a-Chip (SOC) 

[0030] Referring now more specifically to the drawings, Fig. 1 is a high-level 

block diagram of an imager circuit 10 constructed in accordance with an exemplary 
embodiment of the present invention. The system-on-a-chip (SOC) 10 is formed as a 
single semiconductor integrated circuit using a single standard CMOS process. The 
exemplary SOC 10 includes a CCD imager array 12, timing circuitry 15, optional 
row select circuitry 14, optional column select circuitry 13 and optional column 
reading circuitry 16, an analog-to-digital converter (ADC) 18 and digital gain 
circuitry 20. 

[0031] The row select circuitry 14, column select circuitry 13 and column 

reading circuitry 16 are all shown as being optional because the CCD imager array 
12 may take several different forms. It may be, for example, a conventional field 
transfer CCD imager array such as is disclosed in U.S. patent no. 4,608,606, 
entitled CCD FLOATING-ELEMENT OUTPUT STAGES PROVIDING LOW 
RESET NOISE WITH SINGLE SAMPLING. Alternatively, it may be a CMOS- 
type imager in which rows of pixels are selected and gated onto a plurality of column 



SAR 14108 



-7- 

busses into the column reading circuitry 16 using the row-select circuitry 14 or it 
may be a CMOS-type imager in which individual pixels are selected one at a time 
using both the row select circuitry 14 and the column select circuitry 13. For each 
of these imagers, the individual pixels are sensed using a CCD photogate, as 
described below with reference to Figs. 2A through 4D. The CCD photogates and 
CCD charge transfer circuitry are formed using the process steps of a standard 
CMOS process, allowing other CMOS circuitry to be implemented on the same 
integrated circuit as the imager. 

[0032] For example, all of the circuitry shown in Fig. 1, including the CCD 

array 12 is formed using standard CMOS IC fabrication processes such as those 
specifically described herein or processes which are compatible with standard CMOS 
IC fabrication processes known to those skilled in the art. The ADC 18, which is 
made at the same time as the CCD imager and using the same CMOS process, may 
be, for example, a successive approximation ADC such as described in U.S. patent 
no. 5,262,779 entitled ANALOG TO DIGITAL CONVERTER, which is 
incorporated herein for its teaching on CMOS analog-to-digital converters. 

[0033] As known to those skilled in the art, the SOC 10 provides an output 

signal, designated "OUT", proportional to a light signal, designated as "L", 
impinging the CCD array 12. The CCD array 12 includes a light sensitive area 
defined by a plurality of rows and columns of imaging pixels. The pixels are read in 
accordance with a two or three phase clock signal (01, 02 and 03), generated by the 
tuning circuitry from the externally provided clock signal, CLOCK. The imager 
array 12 or the pixel detect circuitry 16, depending on the configuration of the 
imager array 12 provides an analog output signal representing the individual image 
pixels sequentially scanned as in a conventional video signal. This signal is digitized 
by the ADC 18 which provides the digitized signal to the digital gain circuitry 20. 
The circuitry 20 provides the output signal, OUT, of the SOC 10. 

[0034] Those skilled in the art will recognize that the block diagram of Fig. 1 

is given merely as an example. The use of specific signal processing circuits for 
receiving the output from the ADC 18 would depend upon the specific application to 
which the SOC 10 is used. Examples of variations include scan control circuitry for 
adjusting scan between interlaced and non-interlaced scans and control circuits for 
extending or reducing image sampling periods to adjust the operation of the imager 
for various light levels. The use of a CMOS process is particularly advantageous 
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because this permits the use of the large library of CMOS circuits that already exist. 
Thus, the CMOS process further increases the fabrication yield of the CCD imager 
arrays of the exemplary embodiment because it is possible to configure related on- 
chip circuitry in a manner which facilitates high yield. Because of its size, the 
limitations on the yield of the design results primarily by the CCD imager array 12 
itself. Similarly, the ability to fabricate complex CMOS circuitry as the CCD 
imager array 12 increases reliability of the end product because interconnections 
between the CCD array circuitry and further circuitry are included in the system-on- 
a-chip (SOC). 

[0035] Fig. 1A is a block diagram of an electronic camera system that may be 

implemented using the SOC 10 shown in Fig. 1. The exemplary camera system 
includes the SOC 10, an optics section that focuses radiation onto the imager array 
12 of the SOC 10, a digital signal processor (DSP) 60 that processes the digitized 
video signals provided by the SOC 10 and a power supply 70 that provides 
operational power to the SOC 10 and the DSP 60. 

[0036] Physical Layout of the CCD Array 

[0037] An exemplary embodiment of a portion of a CCD array formed using 

CMOS processing steps is shown in Figs. 2A-4D. Fig. 2A is a top-plan view of a 
physical layout of the exemplary CCD shift register formed by standard CMOS 
processing in accordance with an exemplary embodiment of the invention. Although 
the CCD array is described in the context of an imager system, the techniques 
described below allow any type of CCD array to be implemented using standard 
CMOS process techniques. Thus, the CCD array shown in Figs. 2A through 3B 
may be used, for example, as a delay line, a split gate filter or an analog frame store. 

[0038] As known to those skilled in the art, CMOS circuits are fabricated on a 

semiconductor substrate, such as a silicon wafer substrate having a first N or P 
(negative or positive) conductivity type. Charge wells having a second, opposite P 
or N conductivity type are formed on the substrate. For the sake of simplicity, the 
present invention is described in terms of N-wells formed in a P-type substrate. It is 
contemplated, however, that the invention may also use P-wells formed in an N-type 
substrate. 

[0039] As shown in Fig. 2A, the exemplary CCD array structure is a buried 
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channel shift register that includes an N-well structure 100 formed in a P-type 
epitaxial silicon substrate. The N-well forms the transmission channel for the CCD 
array and, if the CCD array is an imager array, the light collection channel. In the 
exemplary embodiment, across the N-well 100 are formed polysilicon electrodes or 
"gates" 104 which are coupled to various phases 01, 02 and 03 of the three-phase 
clock signal. The three phase clock signal enables the shifting of charge along the 
N-well channel 100 as known to those skilled in the art. 

[0040] Fig. 2B shows a cut-away side plan view of the exemplary structure 
shown in Fig. 2A, along the lines 2-2, shown in Fig. 2A. A gate oxide 101 is 
formed over the N-well and polysilicon transfer gates 104 are deposited to define 
the CCD structure. In this way, with current and future design rules and fine line 
lithography, closely spaced MOS capacitors may be patterned with a single 
polysilicon process to form the CCD array. The transmission channel 100 is 
formed as a CMOS N-well, the oxide layer is a CMOS gate oxide and the 
electrodes are the first or only polysilicon layer of the CMOS process. 
Accordingly, the present invention forms the CCD array of Fig. 2 using a 
conventional CMOS foundry process. If the CCD array, shown in Fig. 2A is an 
imager array, it may also include anti-blooming drains 410 that are also formed as 
CMOS N-wells. Although the devices shown in Figs. 2A and 2B are buried 
channel structures, it is contemplated that, if the inter-electrode gap is suitably 
stabilized, channel structures may also be implemented using standard CMOS 
processing steps. Exemplary channel structures are described below with reference 
to Figs. 4A, 4C and 4D. 

[0041] A standard CMOS IC fabrication process in accordance with an 

exemplary embodiment of the invention may, for example, employ both P-well 
regions and N-well regions formed in a lightly doped P-type substrate. A typical 
substrate may, for example, have a dopant concentration of approximately 10 15 
atoms/cm 2 while the N-well and P-well may have a dopant concentration of 10 17 
atoms/cm 2 . In the exemplary embodiments described below, using standard 
CMOS IC fabrication processes, N-channel field effect transistors (FETs) may be 
formed in the P-wells and P-channel FETs may be formed in the N-wells. A P- 
channel FET may be formed in an N-well, for example, using P+ diffusions to 
form the source and drain regions of the FET or, in a P-type lightly doped drain 
(LDD) region. Exemplary dopant concentrations for the P+ diffusions may be, 
for example greater than 10 18 atoms/cm 2 while an exemplary dopant concentration 
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of the P-type LDD region may be 10 17 atoms/cm 2 . The gate oxide layer 101 may 
be grown or deposited on the channel between the source and drain and polysilicon 
or metal may be deposited to form gate electrodes of the CCD imaging array 12 in 
accordance with the present invention. Similar process steps and dopant 
concentrations may be used to form N-channel FETs in P-wells that are formed in 
N-type substrates. 

[0042] In the exemplary embodiment, the substrate may be subject to a metal 

deposition/etch step, thinned, implanted and annealed (see Figs. 4C and 4D). The 
exemplary metal deposition/etch step uses refractory metals such as copper. While 
this may be outside of current standard CMOS foundry processing, it is 
contemplated that it may be adopted soon because of the signal propagation 
benefits of the refractory metals, especially copper. 

[0043] The exemplary CCD array 12 may include circuitry which is capable 
of transferring charge in one direction, with at least a portion of the exemplary CCD 
functioning as a vertical transfer register (not shown). In this embodiment of the 
invention, each pixel may be implemented as a photogate device, coupled to the 
vertical CCD register by a source-follower amplifier (not shown) and a row-select 
transistor (not shown). The vertical CCD registers, which correspond to the 
columns of the imaging device, may be connected by a parallel connection to a serial 
CCD register, such as a serial address register or a CCD shift register (not shown) 
that provides the collected integrated charges to the ADC 18. The imager array may 
also be implemented with the serial CCD register as a horizontal register, where 
each CCD shift register cell is a separate pixel. In this embodiment of the invention, 
a single vertical CCD shift register may be employed to provide the integrated 
charge packets to the ADC 18. 

[0044] In the exemplary embodiment of the invention described below with 

reference to Figs. 4A through 4D, the imager array is implemented with each pixel 
being a single two- or three-phase CCD device, coupled to standard column-bus 
connections to provide accumulated charge one row at a time to the pixel detect 
circuitry 16, shown in Fig. 1. It is contemplated, however, that each pixel may 
include a multi-stage CCD shift register formed as described below. Such a CCD 
register may, for example, be used to implement a multi-frame delay or a temporal 
filter. 
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[0045] As shown in Fig. 2B, in the exemplary embodiment, gaps between the 

MOS capacitors are formed and established within the design rule resolution. When, 
for example, a gap size of approximately 0.3 microns is used, the polysilicon gates 
104 form transfer gate structures that allow the device to operate as a high- 
performance CCD imager. The inventors have determined that the CCD electrodes 
formed by the processes of the exemplary embodiment described herein are 
functionally equivalent to overlapping electrodes formed by conventional CCD 
processes utilizing multi-polysilicon layer fabrication techniques that are not 
compatible with standard CMOS processes. Although the exemplary embodiment of 
the invention is shown as having a gap size of 0.3 microns or greater, it is 
contemplated that smaller gap sizes may be used. The gap size is limited by the 
minimum feature size allowed in the CMOS process. The inventors have detennined 
that suitable structures may be formed using gap sizes between approximately 2 
microns and the minimum feature size allowed in the CMOS process if the inter- 
electrode gaps are suitably stabilized and the device is operated within the breakdown 
voltage limitations. 

[00461 Fig. 2B shows the N-well 100 formed in the P-type substrate 1 10 with 

the polysilicon electrodes 104 separated by inter-electrode gaps 210. The exemplary 
polysilicon electrodes 104 of CCD array 12 are separated from the N-wells by a gate 
oxide layer 101. Moreover, the polysilicon electrodes 104 are individually separated 
from each other by the inter-electrode gaps 210. In the exemplary embodiments, the 
gap is typically less that .65 microns. However, various sizes for the gaps between 
the polysilicon electrodes are contemplated as described below (See Table 3). 

[0047] One method for stabilizing the inter-electrode gap is to apply a suitable 

bias voltage to the gate electrodes 104 and so generate fringing fields that extend into 
and stabilize the gaps. The bias level and, so the size of the fringing field varies in 
proportion to the size of the gap. 

[0048] Another stabilizing method forms an implant, 414 shown in Fig. 4A, 

which is self-aligned to the inter-electrode gaps 210 between the photogate 104 
region and the transfer gate. The implant 414 that may be, for example, an LDD 
implant or an optional threshold adjusting implant from the CMOS process, 
compensates for the potential charge barrier which may arise in the electrode gap 
region 210. Other materials for stabilizing the inter-electrode gap are described 
below with reference to Figs. 7 and 8. 
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[0049] Fig. 3 A is a top plan view of an alternative CCD shift register that 

employs a virtual gate structure. A single clock signal, 0 is used to transfer charge 
along the channel 100. 

[0050] The exemplary embodiment of the invention shown in Figs. 3 A and 3B 

employs an N well to implement a buried channel 100. P+ diffusions 308 in the N- 
well form the virtual gate structures 300. Although the P+ diffusions 308 are shown 
as filling only part of the gap between the gate electrodes 104, it is contemplated that 
they may entirely fill the gap. In this instance, it may be desirable to use a two- 
phase clock signal to transfer charge through the CCD shift register. Virtual gate 
charge transfer devices are well known as described in U.S. patent no. 4,229,752 
entitled VIRTUAL PHASE CHARGE TRANSFER DEVICE. The channel stop 
region 306 surrounding the channel 100 is also formed using a P+ diffusion. Fig. 
3 A also shows the optional N+ blooming drain 410 which may be implemented if 
the CCD register shown in Figs. 3A and 3B is used as a CCD imager. If the 
optional blooming drain 410 is implemented, the P+ diffusion may not be used to 
form the channel stop region 306. Instead, the channel stop region 308 may be a P 
well or the P- substrate 110. 

[0051] Fig. 3B is a cross sectional view of a portion of the CCD register 
shown in Fig. 3 A, taken along lines 3-3. Fig. 3B shows the P+ diffusions 308 in 
the N-well channel 100 that form the virtual gates. It is noted that the structure 
shown in Figs. 3 A and 3B employs one-half of the gate electrodes of the CCD 
register structure shown in Figs. 2 A and 2B and only a single clock phase. The 
virtual gate 300 is formed by the P+ diffusion 308 into the N-well 100. Two 
transfer gates 304 on either side of the virtual gate are held at one potential while the 
charge is being held by the virtual gate and at another potential to transfer the charge 
to the next virtual gate. The PN junctions formed by the P+ diffusion 308 and the 
N-well 100 direct the accumulated charge along the channel toward the bottom of the 
page when the signal 0 is at its charge transfer value. 

[0052] Single Pixel Operation 

[0053] Referring now to Fig. 4A, a CCD type optical sensor is constructed 

from single level polysilicon process in accordance with an exemplary embodiment 
of the invention. As described above, the inter-electrode gap 210 may be stabilized 
by an optional N" implant 414 between the photogate 104 and the transfer gate 104'. 
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This implant is an improvement of a configuration described in IEEE JSSC, Vol. 
34, No. 12, December, 1999, pp. 1835-1841. Alternatively, the inter-electrode gap 
210 may be stabilized by forming a dielectric layer (e.g. a gate oxide layer) 312 over 
the gate electrodes 104 and 104' and forming a metal electrode 310 over the gap 
210. The metal layer may be deposited during the CMOS metalization step. 
Alternately, if a double polysilicon CMOS process is used, the electrode 310 may be 
formed from polysilicon as a part of the second polysilicon deposition. Finally, the 
inter-electrode gap may be stabilized by applying suitable biases to the gate 
electrodes 104 and 104' to cause fringing fields from the gate electrodes to extend 
into the gap. 

[0054] Fig. 4A illustrates an exemplary pixel of the CCD array 12. In 

operation, a light signal L (representing photons) impinges upon polysilicon electrode 
104 adjacent to a transfer electrode 104'. The photoelectrons generated by the 
photons collect in a channel beneath the photogate electrode 104. During the 
integration period, the potential on the transfer electrode 104' is kept at a value to 
hold the accumulated photoelectrons in the channel beneath the photogate 104. The 
channel may be buried channel structure, implemented using an optional N-well 100 
(designated by the dashed line in Fig. 4A underlying the polysilicon electrodes 104 
and 104'). Alternatively, the N-well 100 may be eliminated and the CCD pixel 
operated as a surface-channel device. 

[0055] A blooming drain is formed in the substrate by an N+ diffusion 410, 
inside of a P doped well 412 to provide anti-blc>oming control. Blooming is a 
phenomenon known in the art in which excess charge beyond pixel saturation spills 
over into adjacent pixels, causing blurring and related image artifacts in the signal 
OUT. In the exemplary embodiment of the invention, the blooming drain 410 
collects the excess photoelectrons preventing them from interfering with other 
pixels. In the pixel structure of the present invention accumulated charge does not 
spill into the blooming drain 410 until it exceeds the potential established by the P 
barrier well 412. Because there are more majority carriers in the P barrier wells 
than in the P- substrate, accumulated charge beneath the integrating gate does not 
spill into the blooming drain 410 until a relatively large amount of charge has 
accumulated. 

[0056] The P well 412 also diverts nearly all visible light photoelectrons that it 

receives into the charge collection imaging gate (IG) region. A P well 416 is also 
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employed at the output end of the pixel to divert visible light photoelectrons into the 
image gate region (IG). As can be appreciated, these structures also divert electrons 
encountered in electron bombarded applications. 

[0057] In a typical CCD image sensor, the charge capacity control voltage is 

constant throughout the integration period (i.e., charge fill period), so that a given 
charge capacity exists for each pixel in the imager array throughout the integration 
period. Methods are known in the art for increasing the dynamic range of an 
imager while mamtoining a predetermined fixed charge capacity. One of these 
methods is extended dynamic range (XDR) processing which uses additional 
CMOS circuitry, outside or the imager array, to generate multiple reset levels and 
to process the resulting pixel signals. With XDR, the charge capacity control 
voltage is varied during the integration period, so as to increase the optical 
dynamic range of the CCD imager. XDR allows at least some contrast to be 
measured for higher light levels that otherwise would have saturated the linear 
range of pixel Px. An exemplary XDR system suitable for use with the present 
invention is described in U.S. Patent no. 3,953,733 to Levine entitled METHOD 
OF OPERATING IMAGERS. 

[0058] In operation, photogenerated electrons resulting from the photons L, 

impinging on the semiconductor material, are integrated under the photogate 
electrode 104, responsive to a charge capacity voltage, IG. The pixel structure 
receives a transfer signal 0 TO or "transfer phase" to transfer the contents of the N- 
well channel 100 portion of pixel Px to a readout circuit. In the exemplary 
embodiment of the invention, the transfer phase, 0^, is held constant and the 
potential IG on the photogate 104 is varied to collect photo electrons at one level and 
to transfer the photoelectrons through the transfer gate to the output circuitry at 
another level. The relative values and timing of the signals IG, 0 TO and the reset 
phase 0 R are described below with reference to Figs. 5 and 6. In the exemplary 
embodiment of the invention, the reset and readout circuitry is formed by N+ 
diffusions in the P well 416. 

[0059] Fig 4B is a cross-sectional view of an alternate CCD pixel that may be 

formed using standard CMOS processing steps. The pixel structure shown in Fig. 
4B uses a virtual gate structure 400 that has only a single clock phase, 0. The 
virtual gate 400 is formed by a P+ diffusion 406 into the N-well 100. Two transfer 
gates 404 and 404' on either side of the virtual gate are held at one potential while 
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the charge is integrating and at another potential to transfer the charge from the 
virtual gate to the output circuitry. The PN junction formed by the P+ diffusion 406 
and the N-well 100 direct the accumulated charge toward the charge sink 418 when 
the signal 0 is at its charge transfer value. The virtual gate has advantages as a 
photodetector over the photogate shown in Fig. 4A because there is no poly silicon 
overlying the virtual gate. Thus, the image sensor may be more sensitive to light 
having shorter wavelengths, such as ultraviolet light. Although the virtual gate 
structure is shown as a photogate, it is contemplated that it may be used as a charge 
transfer gate in a CCD register as shown in Figs. 2 A through 3B. 

[0060] Figs. 4C and 4D are cross sectional views of alternative CCD pixel 
structures that may be used with a back-Uluminated imager. The structure shown in 
Fig. 4C is a P-channel device while the structure shown in Fig. 4D is an N-channel 
device. The P channel in the structure shown in Fig. 4C may be formed as an 
enhancement layer in the P- substrate 1 10' or beneath the P well 464. The basic 
feature of the two embodiments shown in Figs. 4C and 4D is the N wells formed in 
the P- substrate in Fig. 4C and the P wells formed in the N- substrate in Fig. 4D. 
These PN junctions form barriers for photoelectrons (or photoholes for P channel 
devices) generated in the substrate material, causing the photoelectrons or photoholes 
to migrate to the integrating wells. Although the examples show CCD structures 
used for the imaging elements, the same structure would work for other types of 
photodetectors such as conventional CMOS photodiodes. Thus, the inventive feature 
of using PN junctions to divert photoelectrons or photoholes into a photodetector is 
independent of the type of photodetector that is used. 

[0061] In the embodiment of the invention shown in Fig. 4C, the polysilicon 

gates 104 and 104' are configured to provide barrier gaps 463 between the P well 
464 and the N-well barrier diffusion 462. The barrier gaps 463 separate the P- 
channel from the blooming drain formed by the N-well 462 and P+ diffusion 460. 
In addition, the N-well 462 prevents photoholes generated by Ulurninating the back 
side of the imager from entering the blooming drain. Instead, these holes are 
directed toward the P-channel formed in the P- substrate or in the P-well 464. The 
N-well in which the charge sink 468, source follower transistor 470, row-select 
transistor 472 and reset transistor 474 are formed also diverts the photoholes into the 
integrating wells. Thus, substantially all of the photoholes generated by light 
impinging on the back side of the imager are converted into image information. 
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[0062] The device shown in Figure 4C is fabricated by fanning the N-wells 

462 and 466 in the P- substrate 110', forming the optional P-well 464 in the substrate 
and then forming the P+ diffusions 460 and 468 as well as the source and drain P+ 
diffusions for the transistors 470, 472 and 474. Next, the gate oxide layer 101 is 
deposited and the polysilicon electrodes 104 and 104' are formed on top of the gate 
oxide layer. If the gap-stabilizing implant 466 is used, it is implanted as a self- 
aligned P~ implant through the gap between the electrodes 104 and 104'. This 
implant may be, for example, an optional threshold adjusting implant in the CMOS 
process. If the gap is stabilized using the electrode 310, then the next step is to form 
the oxide layer 312 over the polysilicon gate electrodes 104 and 104'. The step of 
depositing the metal electrode 310 also forms the metal connections to the blooming 
drain 460, to the charge sink 468 and to the transistors 470, 472 and 474. In the 
exemplary embodiment of the invention, these metal gates and connections are 
formed from a refractory metal such as copper. After this structure is formed, the 
wafer is thinned by removing the section 482 of the P- substrate 110' and implanting 
a P+ layer 480 in the thinned wafer. After the thinning and implanting operation, 
the structure shown in Fig. 4C is annealed at high temperature, for example, 900 
degrees Celsius. This high-temperature annealing is possible because the device uses 
refractory metal for the metalization step. 

[0063] Fig. 4D illustrates another type of pixel cell that may be used with a 

back-illuminated imager. This pixel cell is analogous to the cell shown in Fig. 4A 
except that the P- substrate is replaced by an N- substrate. The exemplary device 
shown in Fig. 4D uses a surface N channel that is formed beneath the gate electrodes 
104 and 104' as an enhancement layer in the N-substrate 1 10'. The device operates 
in the same way as the pixel cell described above with reference to Fig. 4A except 
that photoelectrons are blocked from entering the P wells 492 and 493 due to the PN 
junction formed between the N- substrate and the P wells. 

[0064] The device shown in Figure 4D is fabricated by forming the P wells 

492 and 493 in the N- substrate 110" and then forming the N+ diffusions 490 and 
495 as well as the source and drain N+ diffusions for the transistors 496, 497 and 
498. Next, the gate oxide layer 101 is deposited and the polysilicon electrodes 104 
and 104' are formed on top of the gate oxide layer. If the gap-stabilizing implant 
466 is used, it is implanted as a self-aligned N— implant through the gap between the 
electrodes 104 and 104'. This implant may be, for example, an optional threshold 
adjusting implant in the CMOS process. If the gap is stabilized using the electrode 
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310, then the next step is to form the oxide layer 312 over the polysilicon gate 
electrodes 104 and 104'. The step of depositing the metal electrode 310 also forms 
the metal connections to the blooming drain 490, to the charge sink 495 and to the 
transistors 496, 497 and 498. In the exemplary embodiment of the invention, these 
metal gates and connections are formed from a refractory metal such as copper. 
After this structure is formed, the wafer is thinned by removing the section 482 of 
the N- substrate 110". After the thinning operation, the structure shown in Fig. 4D 
is annealed at high temperature, for example, 900 degrees Celsius. As shown in 
Fig. 4D, the exemplary image may include an optional N+ diffusion 483 which is 
formed after the wafer is thinned but before it is annealed. 

[0065] Fig. 5 shows a graph of charge level versus distance along the pixel, as 

shown in Fig. 4A, that illustrates the relationship among the signals BD, IG, 0 TO , 0 R 
and FD. The charge level BD illustrates the level of the blooming drain 410. The 
peaks 5101 and 510T represent the potential barrier formed by the P barrier well 412 
when the potential IG is at the integrating level and at the transfer level, respectively. 
The potential IG is shown at two levels, the lower level is used when charge is 
integrated beneath the photogate and the upper level is used to transfer charge from 
beneath the photogate to beneath the transfer gate. The potential TR represents the 
potential on the transfer gate and the potential FD represents the potential on the 
charge sink 418. The potential TR, corresponding to the signal 0 TO , remains 
constant at a level between the integrating potential and transfer potential of the 
signal IG. The signal FD is shown as having two levels. The lower level represents 
the reset level and the upper level represents a level after an exemplary charge 
transfer from the transfer gate. 

[0066] The pixel shown in Fig. 4A also includes three transistors, formed in 

the P barrier well 416. These transistors include a reset transistor 424, an emitter 
follower amplifier transistor 420 and a row-select transistor 422. The operation of 
the circuit shown in Fig. 4 is illustrated with reference to the signal timing diagram 
of Fig. 6. At time Tl, the charge beneath the transfer gate is reset responsive to the 
reset phase 0 R of the clock signal. This signal turns on transistor 424, applying V DD 
to the charge sink 418. This forward-biases the junction, causing any charge to be 
conducted away from the transfer gate and the sink 418. Next, a pulse signal IG is 
applied to the photogate 104 at time T2 for XDR sensors and at time T3 for linear 
sensors. This pulse signal establishes a charge level on the photogate which, in turn, 
creates a potential well beneath the photogate 104. Between times T2 and T6 for 
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XDR sensors or between times T3 and T4 for linear sensors, charge accumulates 
beneath the photogate 104. After time T4 for the linear sensor and after time T6 for 
the XDR sensor, the sensed signal may be read from the charge sink 418 by the 
source-follower transistor 420 and the row-select transistor 422. At time 17, the 
pixel is reset by applying the clock phase 0 R to the gate electrode of transistor 424. 

[0067] Extended dynamic range (XDR) operation is achieved by sequentially 

applying two or more potentials as the signal IG to the photogate 104 during a single 
integration interval. As shown in Fig. 5, a first pulse is applied to the photogate at 
time T2 and a second pulse is applied at time T5. If the charge accumulated by the 
pixel at time T5 is at the level of spilling into the diffusion 410 (i.e. if the pixel is 
saturated), the additional pulse increases the depth of the charge well, allowing 
additional charge to accumulate beneath the photogate 104. This additional charge is 
transferred to the transfer gate after time T6. If the sensor is operated as a linear 
sensor, however, only a single pulse is applied as the signal IG at time T3. In 
response to this signal, the photogate 104 accumulates charge between times T3 and 
T4 and transfers the charge accumulated at time T4 to the charge sink 418. 

[0068] Electrode-Gap Stabilization 

[0069] As described above, with reference to Figs. 2 A through 4D, the 

present invention uses closely-spaced poly silicon electrodes 104 to implement a CCD 
structure using standard CMOS processing techniques. As shown in Fig. 4A, the 
inter-electrode gap may be stabilized by fringing fields extending into the gap from 
suitably biased gate electrodes or by a self-aligned N~ diffusion 414. It may be 
desirable to use other methods stabilize the inter-electrode gaps 210, thus preventing 
charge barriers from developing in the gaps and interfering with charge transfer 
between adjacent electrodes. Figs 7 and 8 show cross-sectional views of a substrate 
employing electrode gap stabilization in accordance with exemplary embodiments of 
the present invention. Figure 7 is a cut-away side view of an imager constructed 
according to an exemplary embodiment of the subject invention, which includes a 
metal layer 310 formed on a dielectric layer 312 that covers the electrodes 104 and 
the inter-electrode gaps 210. The metal layer may cover an area just beyond the gap 
or may cover a larger surface having a range to where the metal electrodes are 
separated by a distance corresponding to a minimum design feature of the CMOS 
process. In the embodiment of the invention shown in Fig. 7, the dielectric layer 
312 is a gate-oxide layer and, so, is relatively thin. This thin layer may reduce yield 
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in the device if a hole in the oxide layer allows contact between the metal electrodes 
310 and one of the polysilicon electrodes 104. 

[0070] Alternatively, as shown in Fig. 8, a metal electrode 810 may be used 

with a thicker deposited dielectric 812. Thus, overlapping metal may be used to 
stabilize the gaps between the single polysilicon electrodes. By providing a metal 
strip over the gaps in the single level polysilicon, a more stable structure is formed 
with reduced charging effects. This creates a structure similar to CCD polysilicon 
overlap while mamtahiing the low cost fabrication of the standard CMOS process. 

[0071] The metal electrodes shown in Figs. 4A through 4D and in Figs. 7 and 

8 may be biased at a constant potential or they may be clocked with the same clock 
signal as used for the transfer electrodes. The potential of this clock signal, however 
is adjusted to form an appropriate potential in the inter-electrode gap during charge 
transfer. 

[0072] Although not illustrated, it is contemplated that an implant, such as 

shown in Figs. 4A through 4D may be used together with the overlapping metal 
shown in Figs. 7 and 8. In addition, it is contemplated that polysilicon may be used 
in place of the metal electrodes 310 and 810 shown in Figs. 7 and 8. If polysilicon is 
used for the electrodes 319 and 810, the standard CMOS process may be a double- 
poly silicon process. 

[0073] Tables 1, 2 and 3 show exemplary implementation details for forming 

a CCD array 12 and the pixel structures shown in Figs. 4A through 4D in 
accordance with the exemplary embodiment, using a standard CMOS foundry 
process. Table 1 assigns labels to standard CMOS process steps. Table 2 provides 
parameters used for the implementation of channel stop structures (Figs. 2 A and 2B) 
for various types of CCD devices in terms of the labels defined in Table 1 . Table 3 
provides parameters for the implementation of polysilicon electrodes, inter-electrode 
gaps and describes stabilizing structures for the gaps. The parameters defined by 
these tables are best understood when read in conjunction with the description of 
Figs. 2A-8. 
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TABLE 1 
Process Step Labels: 
Common Names Label 

N-Well NW 

P-Well PW 

Thin Oxide OD 

Thick Oxide OD2 



TABLE 2 
Channel Stop Structures in the Array 
CCD Type Channel (urn) Channel Stop (urn) 

NW // Space: 6.5um-1.0um 
MinRule: l.Oum 

NW // Space: 6.5um-1.0um 
OD Space: NWSpace + l.Oum 



NW // Space: 6.5um-1.0um 
OD Space: NW Space - l.Oum 
(0.6um MIN) 

Gap in OD 

Gap in OD2 

Gap in OD and PW 



Buried n-chan. 


NW Widths: 


7.5umx7.5um 


1.0,1.7,2.0,3.0, 




4.5,5.25,6.0,6.5 


Buried n-chan. 


NW Widths: 


7.5umx7.5um 


1.0,1.7,2.0,3.0 4.5, 




5.25, 6.0, 6.5 




OD within NW 


Buried n-chan. 


NW Widths: 


7.5umx7.5um 


1.0,1.7,2.0,3.0, 




4.5, 5.25,6.0,6.5 




OD extend NW 


Surface n-chan. 


OD 


7.5umx7.5um 


OD2 


Surface p-chan. 


OD 


7.5umx7.5um 


OD2 


Bucket Brigade 


N+ & OD2 


7.5umx7.5um 


N+ &ODinNW 
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TABLE 3 



CCD Type 



Gate Structures 
Gate 



Comments 



Three Phase 



Three Phase 



Single Poly 
with gaps 

Single Poly 
with gaps 



Poly Space : [0 . 5um] 
Ml-Poly overlap: O.lum 
Min Ml Space: 0.45um 



Space: [0.35um-0.65um] 



covered by Ml 



Three Phase 



Two Phase 
(Parallel Odd/Even) 



Ml line with gaps 

Poly-Ml: 

Ml acts as barrier 



Space: 0.45um 



Poly Space: [0.5um] 
Ml-Poly overlap: O.lum 
Min Ml Space: 0.45um 



[0074] 



Referring once again to Tables 1-3, different configurations can be 



used to form CCD arrays by using CMOS fabrication processes. In Table 2, it can 
be seen that the CCD can be formed in a buried N-channel, a surface N-channel, a 
surface P-channel or a bucket brigade configuration. Multi-phase CCD arrays are 
possible by selecting a configuration for the gate structure as depicted in Table 3. By 
the use of metal layers such as are described above with reference to Figs. 7 and 8, it 
is also possible to provide separate gating. Therefore, if a CCD sensor array 12 is 
configured for three phases by the use of polysilicon, the metal deposition that is 
used for gate extension provides asymmetry in the gates that allows for two-phase 
operation. The bias of the metal gate creates a barrier between a region under the 
gate and the polysilicon regions adjacent the region under a gate. When the metal 
and polysilicon gates are clocked together, only two phases are needed to transfer 
charge along the CCD array. In this mode, charge is transferred in a direction 
where there is no barrier, and therefore the charge is transferred in a direction 
opposite the direction of the barrier. 

[0075] Table 2 describes the parameters for forming channel stop structures in 

the array. In the prior art, when constructing a CCD array, additional non-CMOS 
processes are used. Examples of non-CMOS processes include the use of different 
implant dosages or the use of different diffusion steps. The separation of channels 
improves charge transfer efficiency. 

[0076] The gate structures may be constructed according to the parameters set 

forth in Table 3. The circuit has the ability to achieve consecutive transfer of signals 
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corresponding to pixels. The table describes individual pixel unit structures 
repeated multiple times in order to form the CCD array 12. 

[0077] The use of copper metal line processing with refractory metal via may 

be used in advanced foundry processes. The devices can be fully fabricated 
including all metal connections with this standard low-cost process without 
interruption for minning steps. With this standard low cost process, post fabrication 
dunning backside treatment and furnace anneal can then be performed after pre- 
screening the wafers or die for operational compliance. With earlier processes using 
aluminum for metal interconnects, care is needed to maintain process steps below the 
eutectic temperature of aluminum of 577C (at 88.7% silicon alloy concentration) to 
avoid junction spiking. Also, the solubility of silicon into alurmnum is significant 
above 500C. To reduce this diffusion, barrier metal layers such as TiN are used but 
these metals introduce added contact resistance and add complexity to the device 
fabrication. In the exemplary embodiment, a process employs high temperature 
refractory metals such as copper or tungsten. This is a simpler process that increases 
yield and lower device costs. These metals are also stable when exposed to 
annealing temperatures over a longer exposure time. With these advanced processes, 
the imagers can be completely fabricated and will operate as imaging devices and 
fully tested electrically prior to any thinning steps. This further reduces the costs of 
tinnning every wafer without operational compliance. 

[0078] CCD circuit designs may also be fabricated with standard low cost 

CMOS process on wafers prepared as a thin epitaxial layer grown onto an optically 
transmissive substrate such as sapphire or quartz. These imagers would then operate 
as backside-uluminated devices without the need for thinning, treatment, and 
annealing steps. By carefully growing the epitaxial layer from a seed crystal region 
on top of an optically transparent carrier substrate, a thin crystal silicon base can be 
used to fabricate CMOS imaging devices with high performance and low cost. 
These imagers can be designed to operate with backside nlurnination through the 
optically transparent substrate. Regions of the imager can be electrically isolated by 
etching an outline around each region to remove the crystal silicon. The insulating 
substrate will support the structure mechanically. 

[0079] It will be understood that various changes in the details, materials, 

and arrangements of the parts which have been described and illustrated above in 
order to explain the nature of this invention may be made by those skilled in the art 
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without departing from the principle and scope of the invention as recited in the 
following claims. 



